The passive mode locking of an argon-ion-pumped energy-transfer cw dye laser operating in the near infrared is reported. The dyes 1,1'-diethyl-4,4'-carbocyanine iodide and 1,1'-diethyl-2,2'-dicarbocyanine iodide were used separately to mode lock a gain medium comprising the dyes DCM and Rhodamine 700. Subpicosecond pulses were generated from 732 to 761 nm in a simple linear cavity, and pulses as short as 110 fsec were obtained from a collidingpulse mode-locked ring cavity that was tuned between 742 and 754 nm.
The cw passively mode-locked dye laser has become an important source of femtosecond optical pulses for time-resolved spectroscopy. Following its initial demonstration in 1972,1 it has been extensively refined and shown to be capable of directly generating pulses as short as 27 fsec (Ref. 2 ) from cavities in which the intracavity chirp has been carefully controlled. Until recently, however, passive mode locking has been largely restricted to a single active/passive dye combination, i.e., Rhodamine 6G/DODCI operating in the spectral region around 620 nm. In 1985 a cw krypton-ion-pumped Rhodamine 700 dye laser was passively mode locked in the near infrared from 727 to 740 and from 762 to 778 nm. 3 Subsequently, active/ passive dye combinations have been demonstrated in simple linear cavities, yielding subpicosecond pulses from 550 to 700 nm (Ref. 4) and from 487 to 508 nm. 5 In a colliding-pulse mode-locked (CPM) ring cavity with adjustable intracavity group-velocity dispersion, pulses with as short as 80-fsec duration have been generated at 581 nm by using Rhodamine 110 mode locked with HICI. 6 We now report a further extension of passive mode locking covering the spectral region from 732 to 761 nm that is based on an argon-ionpumped dye mixture and that outperforms the krypton-ion-pumped Rhodamine 700 laser of Ref. 3 in terms of pulse duration and amplitude stability.
The active medium for this system was a mixture of the dyes DCM and Rhodamine 700, which, by virtue of an energy-transfer mechanism, 7 ' 8 resulted in an efficient argon-ion-pumped dye laser, the gain of which peaked around 730 nm. 9 Figure 1 shows the initial experimental configuration used. A simple five-mirror cavity was employed, which was configured to meet New's criteria 1 0 for stable single-pulse evolution. The argon-ion pump beam (up to 7.0-W all-lines output from a Spectra-Physics Model 2020 laser) was coupled into the amplifying dye jet (2 X 10-3 M DCM and 2 X 10-3 M Rhodamine 700 in a 1:4 propylene carbonate:ethylene glycol mixture) by mirror Ml of 50-mm radius of curvature. Two mirrors (M 2 and M 3 ) of 100-mm radius of curvature completed the active folded section, and the passive section consisted of a focusing mirror of 50-mm radius of curvature and a retroreflecting mirror of 25-mm radius of curvature about the absorber jet stream. Both jets were vertical and of about 100-,um thickness (nozzles from Coherent Radiation Ltd.). The cavity round-trip time was 8 nsec. All the cavity mirrors supported a single-stack dielectric coating of 100% reflectivity for normal incidence centered on 750 nm, and a Spectra-Physics tuning wedge was used to control the laser wavelength and to provide two output beams. One of these was directed onto a fast photodiode (BPW28), while the other permitted pulse-width measurements by a standard collinear second-harmonic-generation autocorrelation technique employing lithium iodate as the frequencydoubling crystal. Sech 2 pulse profiles were assumed throughout this work.
Two saturable absorbers were demonstrated in this linear cavity: DDI (1,1'-diethyl-2,2'-dicarbocyanine iodide) and cryptocyanine (1,1'-diethyl-4,4'-carbocyanine iodide), for which the peak extinction coefficients of 19.3 X 104 L mol-1 cm-' and 23.0 X 104 L mold cm-', respectively, were measured for 1:10 ethanol:ethylene glycol solutions. Figure 2 shows the structural formulas and absorption profiles of these dyes. With DDI, pulses of less than 400 fsec were routinely generated from 742 to 761 nm. When cryptocyanme was used as the saturable absorber, pulses of less than 400-fsec duration were generated from 732 to 743 nm for absorber concentrations between 2 X 10-5 and 9 X 10-5 M. Lasing thresholds of 3.5 W were again observed, and pump levels around 5 W produced total output powers of 6 mW, with the pulses again displaying considerable excess bandwidth. Figure 4 is a photograph of an autocorrelation trace taken from our scanning autocorrelator, which corresponds to a pulse duration of 260 fsec. In general, the laser performance was not so stable with this mode-locking dye, and the authors believe that, if applicable, the DDI is a more attractive alternative.
In order to try to generate shorter, transform-limited pulses, the cavity shown in Fig. 5 was constructed. The folded sections were exactly as in the linear configuration, except that passive section mirrors were now both of 50-mm radius of curvature. Two extra plane mirrors were included in the cavity to permit a colliding-pulse ring-laser geometry. All the mirrors supported the same single-stack coating already described, and so mirrors M 6 , M 7 , and M 8 , being used away from normal incidence, acted as long-wavelength cutoff filters and sources of adjustable group-velocity dispersion (see, e.g., Ref. 11). The reduced reflectivities at these mirrors provided adequate output coupling, and, by varying the absorber concentration and the angles a, f, -y, the laser wavelength could be controlled, thus eliminating the need for a tuning element. DDI was used as the saturable absorber, and the total cavity round-trip time was again 8 nsec.
By varying the DDI concentration between 10-5 and 2 X 10-5 M and the angles a, f, andy between 290,550, and 960 and 170, 270, and 1360, pulses of less than 120-fsec duration were obtained from 743 to 754 nm, which were within 10% of their transform-limited duration. Figure 6 shows an autocorrelation trace and a corresponding spectrum of pulses of 110 fsec at 754 nm. obtained for pump powers 1 W above threshold, for which total output powers of about 20 mW were measured. No attempt was made to optimize the intracavity group-velocity dispersion, and a spectral investigation of the laser output revealed considerable excess bandwidth-the measured bandwidth of 4.8 nm being able to support pulses of 120-fsec duration. Under these conditions the lasing pump threshold varied between 4 and 6 W, and the laser was pumped 1 W above threshold, yielding output powers of up to 20 mW per beam from mirror M 7 .
In conclusion, the passive mode locking of a cw DCMlRhodamine 700 energy-transfer dye laser is reported for the first time to the authors' knowledge. A simple linear cavity with no optimization of the intracavity dispersion has yielded pulses of less than 400-fsec duration continuously tunable from 732 to 761 nm. Transform-limited pulses as short as 110 fsec have been obtained from a simple CPM ring laser whose wavelength is tunable through 747 nm-of particular interest since frequency tripling would yield sub-100-fsec pulses at 249 nm suitable for amplifying in KrF excimer amplifiers (see, e.g., Ref. 12). Improved laser performance could perhaps be obtained by using a thinner absorber dye jet to enhance the CPM mechanism and by incorporating a prism sequence' 3 to facilitate more precise control of the intracavity group-velocity dispersion.
